When the lung is inflated acutely, the capacity of the diaphragm to generate pressure, in particular pleural pressure (Ppl), is impaired because the muscle during contraction is shorter and generates less force. At very high lung volumes, the pressure-generating capacity of the diaphragm may be further reduced by an increase in the muscle radius of curvature. Lung inflation similarly impairs the pressure-generating capacity of the inspiratory intercostal muscles, both the parasternal intercostals and the external intercostals. In contrast to the diaphragm, however, this adverse effect is largely related to the orientation and motion of the ribs, rather than the ability of the muscles to generate force. During combined activation of the two sets of muscles, Δ Ppl is larger than during isolated diaphragm activation, and this added load on the diaphragm reduces the shortening of the muscle and increases muscle force. In addition, activation of the diaphragm suppresses the cranial displacement of the passive diaphragm that occurs during isolated intercostal contraction and increases the respiratory effect of the intercostals. As a result, the Δ Ppl generated during combined diaphragm-intercostal activation is greater than the sum of the pressures generated during separate muscle activation. Although this synergistic interaction becomes particularly prominent at high lung volumes, lung inflation, either bilateral or unilateral, places a substantial stress on the inspiratory muscle pump.
INTRODUCTION
The airway and pulmonary abnormalities of chronic obstructive pulmonary disease (COPD) cause an increase in airflow resistance and a decrease in dynamic pulmonary compliance. Consequently, the resistive and elastic loads imposed on the respiratory muscles are greater than normal, and the muscles have to generate a greater reduction in pleural pressure to inflate the lung. As pointed out by Younes (56) , however, this increased load is small relative to the load that the respiratory muscles can sustain. When normal subjects are given external resistances of the magnitude encountered in COPD patients, the alterations in maximum breathing capacity and maximal exercise tolerance are small (8) . In such patients, however, the emphysematous changes in the lung cause static hyperinflation. Moreover, expiratory-flow-limitation prolongs expiration, such that many patients also develop dynamic pulmonary hyperinflation (3, 29) . This increase in end-expiratory lung volume not only plays a dominant role in increasing the work of breathing in patients (38) , it also places a substantial stress on the inspiratory muscles.
In this review, we analyze the effects of acute lung inflation on the mechanics of the diaphragm and the inspiratory intercostal muscles. We then discuss the effects of inflation on the interaction between these two muscle groups. Much of the work has been done in animals, but we indicate which findings are known to apply to humans. Finally, because single-lung transplantation is now a well-established treatment for patients with advanced emphysema, we examine the response of the respiratory muscles to single-lung inflation in dogs. We do not cover, however, the adaptation of the muscles to chronic inflation, as observed in rodents with emphysema; this adaptation will be analyzed in a subsequent review (2) .
EFFECT OF LUNG INFLATION ON THE DIAPHRAGM
It has long been recognized that when the airways in dogs (35, 40, 43) , cats (24, 40, 46) and rabbits (50) Force-length relationship of the diaphragm: The force developed by a skeletal muscle bundle during isometric contraction in vitro is well known to vary as a function of the length of the muscle. Specifically, as the length of the muscle bundle increases, active force increases gradually until a maximum is reached, and it then decreases again; the length corresponding to the maximum active force is usually referred to as the optimal length (Lo). McCully and Faulkner (41) studied the force-length relationship in excised diaphragmatic muscle bundles from five animal species (rats, cats, monkeys, dogs and pigs), and they demonstrated that the relationship for the diaphragm is essentially similar to that for limb muscles.
The force developed by the diaphragm in vivo cannot be measured directly. Instead, it is usually evaluated by measuring the pressure difference between the abdominal side (Pab) and the pleural side (Ppl) of the muscle, i.e., transdiaphragmatic pressure (Pdi). To assess the force-length relationship for the diaphragm in vivo, therefore, Road et al (48) measured abdominal pressure (Pab) and diaphragm muscle length in supine dogs while supramaximal stimuli were delivered to the phrenic nerves in the thorax. As the animals had bilateral pneumothoraces, Ppl was zero and Pdi = Pab. The abdomen and the lower rib cage in the preparation were also enclosed in a cast, and abdominal volume and diaphragm muscle length were controlled by a piston that penetrated the cast. As is shown in Fig. 2 (dashed line) , the relationship between Pdi and muscle length was similar to the force-length curve obtained for diaphragmatic muscle bundles in vitro (41) . Thus Pdi was greatest when muscle length during stimulation was near the relaxed FRC length (L FRC ), and it decreased progressively as muscle length decreased such that it was ~ zero when muscle length was ~ 40% of L FRC . Road et al. (48) concluded, therefore, that in supine dogs, the relaxed diaphragm at FRC is close to Lo and that Pdi is primarily or exclusively determined by the active diaphragm muscle length. As a corollary, the effect of lung inflation on Pdi would be governed by its effect on active diaphragm length.
The lung volume dependence of Pdi was examined by Hubmayr et al. (32) . Using biplane fluoroscopy, these investigators measured diaphragm muscle length in dogs while the phrenic nerves were stimulated in the neck at different lung volumes. In contrast to Road et al. (48) , the pleural space in these animals was left intact (so Pdi = Pab -Ppl). In addition, and more important, the abdomen and lower rib cage were not constrained.
Consequently, the diaphragm was allowed to shorten substantially during phrenic nerve stimulation. As lung volume was increased from FRC to TLC, Pdi during stimulation decreased markedly, but diaphragm length decreased only moderately. Studies recently performed in our laboratory (unpublished data), using computed tomography to measure muscle length (36) , produced similar results (Fig. 2) . Specifically, during phrenic nerve stimulation at FRC, the muscle shortened to 60% of L FRC and Pdi was, on average, 51.6 cm H 2 O. The data point corresponding to FRC, therefore, was very close to the curve obtained by Road et al. (48) . As lung volume increased, muscle length during stimulation decreased gradually, such that at TLC, it was 51% of L FRC . Concomitantly, Pdi decreased markedly to 1.8 cm H 2 O, such that the data points corresponding to higher lung volumes lay well below the curve obtained by Road et al. (48) , in agreement with the observations of Hubmayr et al. (32) . In other words, during isolated phrenic nerve stimulation at high lung volumes, Pdi is smaller than anticipated on the basis of muscle length alone. 2), the radius of diaphragm curvature increased by a factor of two. Thus, with isolated maximal diaphragm activation in the intact animal, the curvature of the muscle decreases as muscle length decreases, and this decrease in curvature further reduces Pdi at high lung volumes. The suggestion was recently offered that the mediastinum, by exerting a cranially-oriented force on the diaphragm, might also play a role in determining Pdi during phrenic nerve stimulation at high lung volumes (9) , but this possibility has yet to be examined.
The question arises, therefore, as to what causes the final diaphragm length to be smaller during maximal activation at TLC than during maximal activation at FRC. The answer to the question lies in the difference in the load imposed on the muscle by the lung and chest wall. Thus, when the diaphragm is activated with the airway occluded, the muscle shortens, the diaphragm descends, Ppl decreases and Pab increases, and at equilibrium, the Pdi generated by the muscle equals the load imposed by Ppl and Pab. The interplay between the pressure generated by the muscle, the load applied to the muscle, and muscle length can be illustrated by using the diagram shown in Fig. 3 . is expressed as percent of maximum. As we previously discussed, Pdi during supramaximal phrenic nerve stimulation decreases gradually as muscle length decreases from L FRC to 60% of L FRC , and it then decreases more rapidly as muscle length decreases further to 50% L FRC . Also, measurements of diaphragm muscle length (52) and Pdi (14, 32, 46, 48) have clearly established that during relaxation in supine dogs and cats, the action of gravity on the abdominal visceral mass induces stretching of the diaphragm and, therefore, elicits significant tension (and Pdi) in the muscle at FRC. During passive inflation, however, the rise in Ppl reduces the load on the diaphragm. As a result, the diaphragm descends, muscle length decreases, and passive tension decreases as well.
Passive Pdi, in fact, disappears at a muscle length corresponding to ~ 75-80 % of L FRC .
The dashed lines in the figure represent the load imposed on the diaphragm by Ppl and Pab as a function of diaphragm length at FRC and at TLC, and they are drawn so that the load line at each lung volume intersects the active Pdi-length curve at the observed values of muscle length and Pdi. At FRC, the relaxed diaphragm is close to Lo, and when the muscle is maximally activated, it shortens to ~ 60% Lo, so Pdi is 0.40 of the maximal value. With passive inflation from FRC to TLC, however, the decrease in the load on the relaxed diaphragm causes the muscle to shorten to ~ 70% of L FRC (26, 44) . In addition, it is well established that the rib cage in dogs is stiffer at low lung volumes and becomes more compliant as lung volume increases (4, 10) . Therefore, compared to the load line at FRC, the load line for TLC is both displaced downward and less steep. As a result, when the phrenic nerves are stimulated at TLC, muscle length at equilibrium is ~ 51% of Lo, and Pdi is only 0.06 of the maximal value. The diagram also shows that the amount of muscle shortening during maximal activation at TLC (~ 16% Lo) is much smaller than that at FRC (~ 40% Lo), and thus the magnitude of the descent of the diaphragm and the magnitude of Δ Pao are smaller.
Most of the data referred to in this section were obtained during isolated supramaximal stimulation of the phrenic nerves. This technique is useful to study the mechanics of the diaphragm because it produces a constant, well-defined level of muscle activation. However, isolated maximal diaphragm activation causes extreme shortening of the muscle and distortion of the chest wall. During spontaneous inspiratory efforts, in fact, the diaphragm is never maximally activated (30) and always contracts in a coordinated manner with the intercostal muscles (7, 12, 13, 49) . As a result, the degree of diaphragm shortening is smaller and the radius of muscle curvature remains constant (1). One would predict, therefore, that Pdi during spontaneous inspiratory efforts is exclusively determined by active muscle length.
EFFECT OF LUNG INFLATION ON THE INSPIRATORY INTERCOSTALS
Although the respiratory functions of the intercostal muscles have been controversial throughout medical history, it is now well established, both in animals and in humans, that the intercartilaginous portion of the internal intercostals (the so-called parasternal intercostals) and the external intercostals in the dorsal portion of the rostral interspaces have an inspiratory function during breathing (for review, see ref. 13 ). Thus, when these muscles contract, they displace the ribs cranially and outward, and they therefore produce an expansion of the rib cage and the lung. In contrast, the internal interosseous intercostals in the caudal interspaces and the triangularis sterni have an expiratory function during breathing (13) .
To evaluate the volume dependence of the lung-expanding action of the parasternal and external intercostals, DiMarco et al. (21) Although the values of Δ Pao in this condition were smaller than the values before denervation, the influence of lung volume was the same.
This decrease in Δ Pao with increasing lung volume might have been the result of an increase in the effect of the expiratory intercostals. Indeed, stimulating the spinal cord through an electrode in the epidural space produces a strong, simultaneous activation not only of the parasternal and external intercostals over a large fraction of the rib cage but also of the internal interosseous intercostals and the triangularis sterni. Moreover, when lung volume in dogs is passively increased from FRC to TLC, the internal interosseous intercostals in many interspaces and the triangularis sterni lengthen by substantial amounts (17, 19) . Therefore, in accordance with the length-tension characteristics of skeletal muscles, the force exerted by these expiratory muscles in response to a given activation should increase, and Δ Pao should be reduced.
In a subsequent study, however, Ninane and Gorini (45) produced selective activation of the canine parasternal intercostals by electrical stimulation of the internal intercostal nerves at the costochondral junctions. The triangularis sterni in these animals was entirely sectioned and did not, therefore, confound the measurements. Yet, the Δ Pao obtained during stimulation at a transrespiratory pressure of + 15 cm H 2 O was ~ 50% of the value obtained during stimulation at FRC. Also, in a recent study, Leduc and De Troyer (37) excised the external intercostal muscles in all interspaces in dogs with complete diaphragmatic paralysis, and they measured Δ Pao while the animals performed spontaneous inspiratory efforts against an occluded airway at different lung volumes.
Consequently, the parasternal intercostals in these animals were the only muscles active during inspiration, the muscles contracted in all interspaces in a coordinated manner, and the normal spatial distribution of neural drive among them was maintained (13) .
Although no alteration in parasternal inspiratory EMG activity was seen with increasing lung volume, thus indicating that neural drive to the muscles was constant, Δ Pao JAPPL-91472-2008 R2 9 decreased markedly and continuously as lung volume increased (Fig. 4 , open circles).
These observations provide unequivocal evidence, in agreement with the conclusion of DiMarco et al. (21) , that inflation adversely affects the pressure-generating ability of the parasternal intercostals.
By analogy with the volume dependence of Pdi, the volume dependence of the pressuregenerating ability of the inspiratory intercostals was initially attributed to the decrease in active muscle length (21) . To be sure, both the parasternal intercostals and the external intercostals in the rostral interspaces shorten with lung inflation (18, 19, 22) . However, whereas the canine diaphragm shortens by 30% of L FRC during passive inflation from FRC to TLC (26, 44) , the inspiratory intercostals shorten by 10% or less. Furthermore, in supine dogs, the resting FRC length of the external intercostals in the rostral interspaces may be close to Lo, but the resting FRC length of the parasternal intercostals is ~ 15 % longer than Lo (25) . As these muscles shorten by ~ 10% during inflation from FRC to TLC, they should therefore move toward Lo, rather than away from it. As a result, their force-generating capacity should remain unchanged or slightly increase, and indeed, studies by Decramer, Jiang, and colleagues (6, 33) have shown that the canine parasternal intercostals generate a similar or slightly greater force during stimulation near TLC than during stimulation at FRC. The detrimental effect of inflation on the capacity of these muscles to generate a Δ Ppl must, therefore, be the result of other mechanisms.
As previously pointed out, in supine dogs, the relaxed diaphragm at FRC is stretched by the action of gravity on the abdominal content. Consequently, it develops passive tension, and this passive tension decreases gradually as the muscle shortens with increasing lung volume. As a result, the elastance of the relaxed diaphragm decreases as lung volume is passively increased above FRC. During isolated contraction of the inspiratory intercostals at high lung volumes, therefore, a given Δ Pao causes a larger cranial displacement of the passive diaphragm than it does during contraction of the muscles at FRC, leading to a greater loss in Δ Pao (14, 37). This mechanism, however, accounts for less than half the total decrease in the pressure-generating capacity of the inspiratory intercostals at high lung volumes (14, 37). pressure, the cranial rib displacement produced by a given force was moderately reduced, but the outward rib displacement was nearly abolished. Identical alterations in the pattern of rib displacement were also observed during isolated, spontaneous contraction of the parasternal intercostals (37) . Because in the dog, a given rib displacement in the outward direction is about four times more effective in increasing lung volume than the same rib displacement in the cranial direction (20) , this change in the direction of rib displacement must cause a substantial decrease in Δ Pao. Thus the pressure-generating ability of the inspiratory intercostals acting alone decreases at high lung volumes partly because the elastance of the diaphragm decreases, but also because the direction of rib displacement is altered. The change in intercostal muscle orientation that occurs with increasing lung volume may also affect the effectiveness of the muscles in pulling the ribs cranially, but the potential role of this mechanism is unknown. To be sure, the decrease in Ppl during combined diaphragm-intercostal activation is greater than during activation of the diaphragm alone. Consequently, the load on the diaphragm is greater, so that the amount of muscle shortening is reduced and the force exerted by the muscle in response to a given activation is greater. Because the amount of muscle shortening is reduced, Δ Pab is smaller and, hence, all of the increase in muscle force translates into a greater Δ Pao. In addition, by reducing the shortening of the diaphragm, contraction of the inspiratory intercostals should also reduce, if not abolish, the increase in the radius of diaphragm curvature that takes place during isolated, supramaximal diaphragm contraction at high lung volumes (1) . During combined diaphragm-intercostal activation, therefore, the diaphragm would not only generate a larger Δ Pao at FRC than it does during isolated contraction, but this Δ Pao would also decrease less with increasing lung volume.
Furthermore, isolated contraction of the inspiratory intercostals at FRC causes a cranial displacement of the relaxed diaphragm, which leads to a loss in Δ Pao. Because the diaphragm during contraction is stiff, concomitant diaphragm activation abolishes this pressure loss, so that the Δ Pao generated by the same inspiratory intercostal contraction is greater (16) . Also, as we have pointed out in the previous section, the elastance of the relaxed diaphragm in supine dogs decreases as lung volume is passively increased above FRC. For a given Δ Pao, therefore, the cranial displacement of the relaxed diaphragm produced by isolated contraction of the inspiratory intercostals is larger at high lung volumes than at FRC, leading to a greater loss in Δ Pao (14, 37). This greater pressure loss would also be abolished by contraction of the diaphragm. Consequently, it would also be expected that, as for the Δ Pao generated by diaphragm, the Δ Pao generated by the inspiratory intercostals during combined diaphragm-intercostal activation would decrease less with increasing lung volume than it does during isolated contraction. Thus, both the diaphragm and the intercostals would participate in the synergism that occurs during their simultaneous activation and in the volume-dependence of that synergism. No data have been obtained on the isolated pressure-generating capacity of the intercostal muscles in humans, so the volume-dependence of this capacity and the interaction between these muscles and the diaphragm are not known. However, even though the orientation of the ribs and the axes of rib rotation in humans are different from those in the dog, the bucket-handle rotation of the human ribs during passive inflation (55) is similar in magnitude to that in the dog (39) . Therefore, it would be reasonable to predict that an acute increase in lung volume in humans would also reduce the outward displacement of the ribs and, with it, the lung-expanding action of the inspiratory intercostals. Also, it is well established that when healthy individuals perform maximal inspiratory efforts against an occluded valve at different lung volumes, the net pressure Single-lung inflation was recently performed in dogs to simulate unilateral emphysema (15) . The animals were anesthetized and breathing spontaneously, and two endotracheal tubes were inserted in the right and left main stem bronchi; one lung was then passively inflated at intervals, and the mean inspiratory Δ Ppl's over the two lungs were assessed separately by measuring the Δ Pao's in the two tubes during occluded breaths. As anticipated, when the two lungs were at FRC, the Δ Pao values were the same. However, with single-lung inflation, Δ Pao in the inflated lung decreased markedly and continuously as lung volume increased, but Δ Pao in the non-inflated lung decreased only moderately, as shown in Fig. 6A . Specifically, when transrespiratory pressure in the inflated lung was set at + 30 cm H 2 O, Δ Pao in this lung was 28 % of the value at FRC, and Δ Pao in the non-inflated lung was 74 %. At end-inspiration, therefore, the mean Ppl over the inflated lung was about 20 cm H 2 O more positive than that over the non-inflated lung (15) . The animals had a bilateral cervical vagotomy, and neural drive to the inspiratory muscles in both hemithoraces remained essentially unchanged, independent of the lung volume alterations. Also, during passive, single-lung inflation, the rise in Ppl over the ipsilateral lung causes a shift of the mediastinum toward the opposite side and a caudal displacement of the ipsilateral hemidiaphragm leading to a rise in Pab. At end-expiration, therefore, Ppl over the contralateral, non-inflated lung is significantly increased (31) , and the ribs in both hemithoraces are displaced cranially (15) . Based on these observations, the conclusion was therefore drawn that single-lung inflation had nearly the same adverse effect on the pressure-generating ability of the inspiratory intercostals on the non-inflated side and the inflated side and, hence, that the interpulmonary difference in Δ Pao was primarily determined by the action of the diaphragm (15) .
Because single-lung inflation elicits a rise in Ppl over both the contralateral and the ipsilateral lung, it should displace both hemidiaphragms caudally at end-expiration and shorten their muscle fibers. However, the rise in Ppl over the contralateral lung is smaller than that over the ipsilateral lung (31) . In addition, the rise in Pab resulting from the caudal displacement of the ipsilateral hemidiaphragm should oppose the caudal displacement of the contralateral hemidiaphragm. Consequently, it would be expected that single-lung inflation would induce a larger shortening of the ipsilateral than the contralateral hemidiaphragm. If it is assumed, for example, that the relaxed ipsilateral and contralateral hemidiaphragms shorten, respectively, by 20% and 5 % of L FRC , then the diagram (analogous to Fig. 3) given in Fig. 6B shows that during phrenic nerve stimulation, the displacement and pressure-generating capacity of the former hemidiaphragm would be reduced, whereas the capacity of the latter hemidiaphragm would be relatively preserved. It is unclear, however, how the two halves of the diaphragm would be allowed to develop different tension and to generate different Pdi's.
SUMMARY AND CONCLUSIONS
Lung inflation has a prominent detrimental effect on the inspiratory muscles. When it is produced acutely, it impairs the capacity of the diaphragm to generate pressure because it causes the muscle to be shorter during contraction and to generate less force. At very high lung volumes, the pressure-generating capacity of the diaphragm may be further reduced by a decrease in curvature. Inflation similarly impairs the pressure-generating capacity of the inspiratory intercostals, both the parasternal intercostals and the external intercostals.
In contrast to the diaphragm, however, this effect is largely related to the orientation and motion of the ribs, rather than the ability of the muscles to generate force.
In patients with emphysema, however, two mechanisms may compensate, in part, for these detrimental effects of inflation. First, as lung volume increases, the degree of synergism between the diaphragm and the inspiratory intercostals increases. Because these patients commonly breathe over a volume range that is above the normal predicted TLC, the Δ Ppl produced by the coordinated contraction of the two sets of muscles may therefore be substantially greater than anticipated on the basis of the pressures that they would produce during separate contraction. Second, emphysema slowly develops over many years, and studies on limb muscles in mice and cats have shown that chronic muscle shortening elicits a loss of sarcomeres in series along the muscle fibers (28, 53, 54). As will be developed in the following review article of this series (2), a similar phenomenon has been reported to occur in the diaphragm in emphysematous hamsters (27, 34) . The result of this remodeling is that the individual sarcomeres are virtually restored to their initial length, so that their force-generating ability is better maintained than it would be otherwise. However, to the extent that the adverse effect of emphysema on the inspiratory intercostals is largely determined by the kinematics of the ribs, a loss of sarcomeres in these muscles should produce little or no compensation. 
